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Organizational Partners
University of Innsbruck
Senior personnel involved as collaborator: Reinhard Rieger
Graduate students involved as collaborators: Alexander Legniti, Peter Ladurner, Dietmar Reiter, Robert Gschwentner
University of Goteborg
collaborative research on Nemertodermatida with Kennet Lundin, graduate student
Winthrop University
Collaborative research on Acoela with Julian P.S. Smith III, Assoc. Prof.
SUNY State University of New York Central Administration
collaborative research on invading (exotic) species of Acoela with Brian Rivest, Prof., SUNY, Cortland

Other Collaborators or Contacts
Research tangential to the project, on phylogenetics of parasitic flatworms and on methodology of phylogenetics, with Boris I. Joffe of the
Zoological Institute of the Russian Academy of Sciences, St. Petersburg, Russia

Activities and Findings
Project Activities and Findings:
The relationship of the flatworms to other lower invertebrates has been a matter of controversy, and to help rectify that situation, we have
focused on expanding the database on which hypotheses of relationships can be based. The flatworms classified in the group Acoelomorpha
have proven especially problematic, being seen by some other researchers using molecular characters, for example, as not even directly related
to other flatworms. We applied fluorescence microscopy, electron microscopy, and other forms of high-resolution light microscopy to augment
the database of morphological characters, which is particularly scanty for these small and superficially simple animals. At the outset, a primary
goal was to discover characters that could show how the families of acoelomorphs are related to each other and what relation the group as a
whole had to the other two major groups of flatworms, the Catenulida and Rhabditophora. We also addressed how parasitism arose in the
flatworms, allowing the splitting off of the major parasitic taxa like tapeworms and flukes, which now constitute the majority of species in the
phylum, and how body-wall musculature allows these lower worms to feed and move in the habitats they occupy.
The educational goals of this research centered on training of graduate students in techniques of microscopy and systematics and involving
undergraduate students in laboratory work, including microscopy, histological and cytological preparations, photography, and use of databases.
Our material for this project came from collecting animals from sediments and epigrowth in the Gulf of Maine (which has a rich acoel fauna
well representing boreal species), in the tropics (specifically at the Great Barrier Reef, Australia, and at Bermuda), and in the subtropical fauna
of North Carolina. Specimens were permanently preserved in resin whole mounts that can be used for both light and electron microscopy, and
they were archived also as whole mounts stained for fluorescence microscopy but suitable as well for other light microscopical study, such as
by phase-contrast and differential-contrast optics. We collected representatives among several groups of the lower worms, including
gnathostomulids, gastrotrichs, nemerteans, acoels and other free-living turbellarian flatworms, and parasitic flatworms. Fluorescence
microscopy was aimed specifically at three-dimensional renderings of the musculature, which shows surprisingly complex and distinctive
patterns of organization in the acoelomorphs especially. Electron microscopical study centered on reproductive organs, which have long played
a role in distinguishing species, and sensory structures within the epidermis as well as other epidermal features. We also applied developmental
characters to our study by following embryonic development in animals raised in culture.
The permanent collections we have assembled comprise approximately 100 species, including over 60 species of acoels, of epoxy embedments
of whole animals (approximately 400 specimens). Some epoxy-embedded specimens have been serially sectioned and now comprise over 120
sets of slides. Whole mounts of animals on slides prepared for fluorescence microscopy comprise a total of over 250 specimens, including over
50 species of acoels; while the fluorescence signal itself in these preparations is labile, the whole mounts remain informative for the highresolution views of morphology they offer by virtue of the mounting between two coverslips. Some of this material has been deposited at the
American Museum of Natural History for type material of new species we have described. Other of this material is available through personal
contacts to other scientists working on these animals.
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To make the taxonomy of the turbellarian ('free-living') flatworms as well as the characters distinguishing the species more readily available to
the research community and general public, we assembled a database that is displayed on the World Wide Web.
Major presentations of our findings were made at international and national meetings (11 presentations total), including the International
Symposia on the Biology of the Turbellaria (Brisbane, Australia; and abstracts submitted to the Symposium convened at Barcelona, Spain), the
international symposium 'Interrelationships of the Plathyleminthes,' held by the Linnean Society in London, and national meetings of the Society
for Comparative and Integrative Biology (Washington, Albuquerque, Denver, Atlanta, Chicago). We have published 18 refereed articles on this
research (3 of which are recently submitted and 2 in manuscript form soon to be submitted).

Project Training and Development:
(See PDF version submitted by PI at the end of the report)
Our findings support the hypothesis that flatworms arose by progenesis--that is, from larva-like forms--from an ancestor among the largerbodied invertebrate groups like the segmented worms or molluscs, and support also the hypothesis that they constitue a monophyletic taxon.
We find evidence even that they share a very primitive position at the base of the branching between the protostomes and deuterostomes--that
is, that the ancestor of the flatworms could have been the larva of a deuterstome-like worm, typified in the modern fauna by hemichordates.
A major discovery we have made is of the unique arrangements of body-wall musculature in delimited groups of acoel turbellarians. The
patterns seen in these acoels are not seen in any other worms and are sufficiently distinctive even among subgroups of acoels that they give the
first clues of how the major subgroups of the acoels are to be categorized--something that has been impossible on the basis of the previously
recognized characters. We have reconstructed patterns of musculature in 56 species of flatworms (see Table), including 30 acoels.
Our study of embryonic development allowed us to propose how parasitism arose in the flatworms by adaptation of a special mode of epidermal
development that all flatworms share.
An understanding of the characters we have discovered has required deciphering their functional morphology, particularly of musculature and
sensory structures. For example, specific patterns of musculature evident in certain families of acoels hold across species that are variously
adapted to benthic sediments, epiphytic habitats, and parasitism, yet we can discern how the musculature allows these lower worms to move
through interstices, to manipulate food, and to adapt in special circumstances of parasitism to feeding on host tissues and secretions.
The vast majority of the acoel species of North America have not been named or described, and in order to document the diversity of body-wall
and reproductive-organ characters, we have described 19 new species key to that diversity.

Research Training:
The three graduate students trained through this project acquired skills in electron microscopy, fluorescence microscopy, and confocal
microscopy, and learned techniques for three-dimensional reconstruction of images and for handling, storing, and analyzing data for
systematics. Training in molecular systematics was also part of their educational experience, though publication of results from that kind of
study fall outside this particular project.
Collaborative research with graduate students at other institutions involved them with techniques of confocal and electron microscopy.
Undergraduate students were hired to help with processing of tissues for light and electron microscopy, operation of brightfield,
epifluorescence, and electron microscopes, darkroom procedures, and data entry into computer-based databases. Three of the five
undergraduate students also used the experience for independent research on certain parts of this project. Two presented findings at national
meetings, and two used the research as capstone experience for their major in biology, presenting senior theses from it.

Outreach Activities:
K-12 educators in training through the University of Maine's College of Education were exposed to the project through some informal
presentations, and one student in particular did independent research that was part of a presentation at a national meeting. This student is now
teaching middle-school science in Massachusetts.
Presentations of the project's findings were made at public forums for the University, specifically at an informal departmental colloquium that
involves mostly undergraduate and graduate students, at a departmental seminar open to the public, and at a seminar at the University's marineresearch facility to mostly summer students.
One of the graduate students in the project parlayed his experience with computers in the project into workshops for the public on Internet use.
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Journal Publications
Rieger RM, Tyler S, "Sister-group relationship of Gnathostomulida and Rotifera-Acanthocephala.", Invert. Biol., p. 186, vol. 114, (1995). )
Published
Tyler S, Tyler MS, "Origin of epidermis in parasitic platyhelminths.", Internat. J. Parasitol., p. 715, vol. 27, (1997). ) Published
Tyler S, Hyra GS, "Patterns of musculature as taxonomic characters for the Turbellaria Acoela.", Hydrobiologia, p. 51, vol. 383, (1998). )
Published
Hooge MD, Tyler S, "Body-wall musculature in Praeconvoluta tornuva, n. sp., and the use of muscle patterns in taxonomy of acoel
turbellarians.", Invertebrate Biology, p. 8, vol. 118, (1999). ) Published
Tyler S, "Systematics of the flatworms--Libbie Hyman's influence on current views of the Platyhelminthes", Am. Mus. Novitates, p. 52, vol.
3277, (1999). ) Published
Hooge MD, Tyler S, "Musculature of the facultative parasite Urastoma cyprinae (Platyhelminthes).", J. Morphology, p. 207, vol. 241, (1999).
) Published
Tyler S, Rieger RM, "Functional morphology of musculature in the acoelomate worm, Convoluta pulchra (Platyhelminthes)",
Zoomorphology, p. 127, vol. 119, (1999). ) Published
Gschwentner R., P. Ladurner, W. Salvenmoser, R.M. Rieger, and S. Tyler, "Fine structure and evolutionary significance of sagittocysts of
Convolutriloba longifissura (Acoela, Platyhelminthes)", Invertebrate Biology, p. 332, vol. 118, (1999). ) Published
Rivest BR, Coyer J, Tyler S, "The first known invasion of a free-living marine flatworm.", Biol. Invasions, p. 393, vol. 1, (2000). ) Published
Tyler S, Hooge MD, "Musculature of Gnathostomula armata Riedl 1970 and its ecological significance.", Marine Ecology, p. , vol. , (2000). )
Accepted
Hooge MD, Tyler S, "Interstitial acoels (Platyhelminthes, Acoela) from Bermuda.
", Proc. Biol. Soc. Wash.
, p. , vol. , (2001). ) Submitted
Hooge MD, "Acoels (Platyhelminthes, Acoela) from the Atlantic coast of North America.", Proc. Biol. Soc. Wash., p. , vol. , (2001). )
Submitted
Hooge MD, "Evolution of body-wall musculature in the Plathyelminthes.", Journal of Morphology, p. , vol. , (). ) near completion
Pfistermueller R, Tyler S, "Correlation of fluorescence and elctron microscopy of F-actin-containing sensory cells in the epidermis of Convoluta
pulchra (Platyhelminthes: Acoela)", Acta Zoologica, p. , vol. , (). ) Submitted

Books or Other One-time Publications
Tyler S, "The early worm--origins and relationships of the lower flatworms.", (2000). Book, Published
Editor(s): Littlewood T & Bray R
Collection: Interrelationships of the Platyhelminthes.
Bibliography: Taylor and Francis, London, pp 3-12

Web/Internet Sites
URL(s):
http://www.umesci.maine.edu/biology/turb/ and
http://linius.umesci.maine.edu/taxon/turbDB.php
Description:
"Turbellarian platyhelminths: Taxonomy"
This site lists the current taxa of the turbellarian platyhelminths along with their taxonomic authorities and synonymy. It is derived from a
database assembled by Louise Bush and S. Tyler, first made available at an international meeting in 1988. The second URL here is a searchable
database, with figures and diagnoses of the taxa as well as full references for authorities, and will eventually replace the first-named (it is under
construction).

Other Specific Products

Contributions
Contributions within Discipline:
Deciphering the relationships of lower worms is critical to understanding how animals as a whole arose. These small worms, the

Page 4 of 5

Final Report: 9419723
Acoelomorpha in particular, are critical to theories of animal origins because they are viewed by many biologists as the most primitive animals,
something like the ancestor from which almost all other animals descended. The research of this project has revealed new characters for which
such a theory (and others) can be tested and by which models of animal origin can be made. Particularly valuable is the discovery of patterns in
the arrangement of muscles and the information they hold for indicating relationships of lower worms; the techniques we have developed here
can (and have been) extended to other animal groups by other researchers. These characters and those we have discovered by electron
microscopy in the reproductive and other organ systems of these worms provide a wealth of morphological information on animals for which
little data (few characters) have been available and for which molecular data is proving problematic.
Our Web site providing a comprehensive account of the current taxonomic status of the turbellarian platyhelminths ('free-living
platyhelminths') is a resource for the community of turbellarian biologists and benefits from updates from specialists on various taxa within this
group.
Contributions to Other Disciplines:
Contributions to Human Resource Development:
Training of students in systematics is critical to the nation's ability to comprehend its biodiversity. Our laboratory is the only one in North
America engaged in research on systematics of free-living flatworms and one of only a handful studying animals of the meiofauna and training
students in techniques for handling such small animals and dealing with their systematics. The training we can offer in microscopy--both
electron microscopy and fluoresence microscopy, including confocal microscopy--and computer-based data handling is critical for these
students filling any of several possible niches in the research community upon graduation.
Contributions to Science and Technology Infrastructure:
Our studies in fluorescence microscopy were used in support of a proposal to obtain funding for the purchase of a laser scanning confocal
microscope for the University of Maine. This new resource benefits many research programs at the University, in materials science and
engineering as well as the biological sciences.
Beyond Science and Engineering:

Categories for which nothing is reported:
Any Product
Contributions: To Any Other Disciplines
Contributions: Beyond Science or Engineering
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Table
Species of platyhelminths for which musculature has been reconstructed
through fluorescence microscopy
(Reconstructions published in Tyler & Hyra 1998, Hooge & Tyler 1999a, Hooge & Tyler
1999b, Tyler & Rieger 1999, Hooge 2001)
Catenulida
Paracatenula kalliope Sterrer & Rieger 1974
Rhyncoscolex sp.
Stenostomum leucops Duges 1828
Nemertodermatida
Nemertoderma sp. B
Nemertoderma psammicola Sterrer 1970
Acoela
Solenofilomorphidae
Solenofilomorpha “wadsworthi” Tyler 2000
Myopea “crezeei” Tyler 2000
Proporidae
Proporus bermudensis Hooge & Tyler 2000
Proporus cf. lonchitus Do¨ rjes 1971
Paratomellidae
Paratomella sp. “clear” (cf. unichaeta)
Paratomella sp. “red”
Childiidae
Childia groenlandica (Levinsen 1879)
Actinoposthiidae, new family
Pelophila lutheri (Westblad 1946)
Convolutidae
Aphanostoma brusca Hooge & Tyler 2000
Aphanostoma sanguineum n. comb. (Beklemischev 1915
Conaperta hortula Hooge & Tyler 2000
Convoluta pulchra Smith & Bush 1991
Convoluta karpredi Hooge & Tyler 2000
Neochildia fusca Bush 1975
Praeaphanostoma wadsworthi Hooge & Tyler 2000
Praeconvoluta castinea Hooge & Tyler 2000
Praeconvoluta tigrinus Hooge & Tyler 2000
Praeconvoluta tornuva Tyler & Hooge 1999
Pseudaphanostoma smithrii Hooge & Tyler 2000
Otocelididae
Notocelis gullmarensis (Westblad 1946)
Otocelis sandara Hooge & Tyler 2000
Philocelis bruggemanni Hooge & Tyler 2000
Anaperidae
Anaperus gardineri Graff 1911
Sagittiferidae
Antrosagittifera coralina Hooge & Tyler 2000
Convolutriloba longifissura Bartolomaeus & Balzer 1997

Haploposthiidae
Haploposthia vandula Hooge & Tyler 2000
Parahaploposthia velveta Hooge & Tyler 2000
Mecynostomidae
Paedomecynostomum bruneum Do¨ rjes 1968
Pseudmecynostomum folium Hooge & Tyler 2000
Pseudmecynostomum phocum Hooge & Tyler 2000
Eumecynostomum asterium Hooge & Tyler 2000
Macrostomida
Microstomum spp. (3 species)
Macrostomum sp.
Myozona sp.
Myozonaria sp.
Prolecithophora
Acanthiella chaetonotoides Rieger & Sterrer 1975
Archimonotresis sp.
Plagiostomum sp.
Pseudostomum sp.
Cylindrostoma sp.
Lecithoepitheliata
Geocentrophora sphyrocephala De Man 1876
Proseriata
Otoplana (?) sp.
Rhabdocoela
Anoplodium sp.
Astrotorhyncus bifidus McIntosh 1874
Cheliplanilla sp.
Jensenia sp.
Nygulgus (?) sp.
Promesostoma sp.
Urastoma cyprinae (Graff 1882)

